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Abstract 

A  new  catalyst  electrode  was  prepared  in  which  Pt  particles  were  homogeneously  distributed  into  a  poly(3,4-ethylenedioxythiophene)- 
poly(styrene  sulfonic  acid)  (PEDOT-PSS)  matrix.  Catalytic  activity  and  stability  for  the  oxidation  of  methanol  were  studied  by  using  cyclic 
voltammetry  and  chronoamperometry.  For  comparative  purposes,  bulk  Pt  and  PEDOT-PSS  based  electrodes  were  fabricated  and  tested.  Enhanced 
electrocatalytic  activity  toward  the  oxidation  of  methanol  was  noticed  when  Pt  particles  were  embedded  into  the  PEDOT-PSS  matrix.  A  high  catalytic 
current  for  methanol  oxidation  (2.51  mA  cm-2)  was  found  for  the  PEDOT-PSS-Pt  electrode  in  comparison  to  bulk  Pt  electrode  (0.45  mA  cm-2)  at 
+0.6  V  (versus  Ag/AgCl).  The  enhanced  electrocatalytic  activity  might  be  due  to  the  dispersion  of  Pt  particles  into  the  PEDOT-PSS  matrix  and  the 
synergistic  effects  between  the  dispersed  Pt  particles  and  the  PEDOT-PSS  matrix.  The  morphology  and  crystalline  behavior  of  PEDOT-PSS-Pt 
and  simple  ITO/Pt  films  were  determined  by  X-ray  diffraction  (XRD)  analysis  and  scanning  electron  microscopy  (SEM)  and  correlated  with  the 
enhanced  electrocatalytic  activity  for  the  Pt-dispersed  PEDOT-PSS  electrode. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

In  the  context  of  fast  depletion  of  fossil  fuel  resources, 
research  activities  on  batteries  and  full  cells  have  been  trig¬ 
gered.  Among  several  types  of  fuel  cells,  polymer  electrolyte 
based  direct  methanol  fuel  cells  (DMFCs)  are  being  projected 
for  a  variety  of  applications  ranging  from  micro-power  to  mega¬ 
power  devices  [1-4].  The  attractive  features  of  DMFCs  are  due 
to  a  high  theoretical  energy  density  expected  from  methanol  [5]. 
Furthermore,  the  fabrication  of  regenerative  DMFCs,  which  is 
based  on  the  concept  of  electrochemical  reduction  of  CO2  to 
CH3OH  and  employing  the  latter  as  the  fuel,  seems  to  be  inter¬ 
esting  as  this  is  also  relates  to  the  global  warming  problem  [3]. 

Despite  of  the  advantages  and  interesting  aspects  involved 
in  using  methanol  as  a  fuel  for  electrochemical  energy  conver¬ 
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sion,  the  need  for  better  electrocatalysts  has  become  inevitable. 
Extensive  studies  made  on  electrooxidation  of  methanol  have 
clearly  revealed  that  Pt  metal  can  be  an  effective  electrocata¬ 
lyst  for  the  process  [6] .  However,  intermediate  products  of  the 
reaction,  like  CO,  are  strongly  absorbed  at  the  electrode  surface, 
which  can  subsequently  restrict  the  electrocatalytic  activity  of 
electrode  [7] .  On  the  other  hand,  the  increasing  use  of  Pt  may 
raise  the  price  of  Pt  and  deplete  a  scarce  resource. 

Two  possible  approaches  were  tried  to  circumvent  the  prob¬ 
lem  of  using  Pt  in  DMFCs  and  related  applications.  In  a  straight¬ 
forward  approach,  bi-  or  tri-metallic  catalysts  involving  tran¬ 
sition  metals  were  attempted  [8].  In  another  approach,  a  few 
electrodes  that  exhibited  enhanced  electrocatalytic  activities  in 
comparison  with  the  bulk-form  of  metal  electrodes  toward  oxi¬ 
dation  of  small  organic  molecules  have  been  fabricated  through 
incorporation  of  transition  metal  particles  into  conducting  poly¬ 
mer  matrices  [9-13]. 

In  the  present  study,  we  have  loaded  Pt  particles  into 
a  3D-random  matrix  of  a  composite  comprising  a  conduct- 
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ing  polymer,  poly(3,4-ethylenedioxythiophene)  (PEDOT)  and 
poly(styrene  sulfonic  acid)  (PSS).  PEDOT  has  been  attract¬ 
ing  interest  due  to  its  high  compatibility  with  other  materials, 
very  good  film  forming  properties,  high  stability,  high  con¬ 
ductivity,  and  high  extent  of  doping  [14,15].  PEDOT  doped 
with  an  excess  of  PSS,  designated  as  PEDOT-PSS,  is  com¬ 
mercially  available  as  a  stable  aqueous  dispersion.  Ghosh  and 
Inganas  [14]  reported  that  PEDOT-PSS  is  a  non- stoichiometric 
poly-electrolyte  complex  of  PEDOT  and  PSS,  with  an  excess 
of  the  latter  component.  Colloidal  particles  of  PEDOT-PSS 
are  negatively  charged  and  expected  to  serve  as  a  matrix 
for  loading  smaller  particles  of  Pt  through  steric  and  electro¬ 
static  stabilization  mechanisms  [16-18].  Furthermore,  the  net¬ 
work  structure  of  PEDOT-PSS  has  the  resemblance  of  Nation. 
PEDOT-PSS  provides  three  dimensional  (3D)  reaction  zones 
and  increases  the  active  surface  area  of  Pt  particles  while  in 
contact  with  the  electrolyte.  The  presence  of  anionic  dopants 
in  PEDOT-PSS  generates  a  pathway  for  protonic  species  and 
hence  possesses  suitable  characteristics  for  DMFCs  applica¬ 
tions.  Motivated  by  the  above  characteristics  for  PEDOT-PSS, 
we  have  developed  a  new  type  of  electrode  material  incorpo¬ 
rating  Pt  particles  into  a  PEDOT-PSS  matrix  for  application  in 
DMFCs. 

In  this  work,  Pt  particles  were  embedded  into  the  PEDOT- 
PSS  matrix  by  electrochemical  deposition.  PEDOT-PSS  with 
its  network  structure  acts  as  a  three-dimensional,  random  and 
electronically  conducting  template  (microreactor)  and  allows 
the  formation  of  relatively  uniform  Pt  particles.  Performance 
characteristics  of  the  Pt-loaded  PEDOT-PSS  matrix  as  a 
electrocatalyst  toward  the  oxidation  of  methanol  were  moni¬ 
tored  by  using  cyclic  voltammetry  and  chronoamperometry.  A 
comparison  of  catalyst  performance  between  pristine  Pt  and 
PEDOT-PSS-Pt  based  electrodes  was  made.  Also,  morpholog¬ 
ical  changes  between  the  electrodes  fabricated  with  indium  tin 
oxide  (ITO)  as  the  substrate,  ITO/Pt  and  ITO/PEDOT-PSS-Pt 
electrodes  were  compared  using  a  scanning  electron 
microscope  (SEM)  and  X-ray  diffraction  (XRD)  analysis, 
respectively. 

2.  Experimental 

PEDOT-PSS  (Alfa,  1.34  wt.%)  matrix  electrode  (ITO/ 
PEDOT-PSS)  was  prepared  by  spin  coating  (2000  rpm  for 
1  min)  of  a  PEDOT-PSS  thin  film  over  the  surface  of  ITO. 
Pt  particles  were  deposited  onto  the  ITO/PEDOT-PSS  from 
a  solution  of  H2PtCl6.  For  a  comparative  purposes,  Pt  parti¬ 
cles  were  deposited  onto  simple  ITO  electrodes  under  other¬ 
wise  similar  conditions  to  the  deposition  of  Pt  particles  onto 
ITO/PEDOT-PSS.  Typically,  a  plating  solution  consisting  of 
5mM  H2Pta6  H20,  0.01  M  HC1,  and  0.1  M  KC1  (pH  1.96) 
was  used.  Cyclic  voltammetry  (CV)  was  employed  to  deposit 
Pt  particles  by  cycling  the  potentials  (versus  Ag/AgCl)  between 
—0.25  and  0.8  V  for  30,  60,  90  and  120  cycles  with  a  scan 
rate  of  50  mV  s_1 .  After  Pt  particle  incorporation,  the  electrode 
was  rinsed  with  double  distilled  water  for  5  min  and  dried  at 
150  °C  for  3  min.  The  amount  of  Pt  particles  loaded  onto  the 
ITO/PEDOT-PSS  or  deposited  onto  ITO  was  calculated  from 


the  following  equation: 

QdepM 

m  =  - - — 

FZ 

where  amount  (m)  was  calculated  by  using  the  charge  (<2dep) 
(obtained  through  graphical  integration  of  cyclic  voltammet- 
ric  curves)  utilized  for  the  deposition  of  Pt  particles.  M  is  the 
atomic  weight  of  Pt,  F  is  the  Faraday  constant,  and  Z  is  the  num¬ 
ber  of  electrons  transferred  (taken  as  four  for  the  formation  of 
Pt).  Electrochemical  characterizations  of  composite  electrodes 
were  performed  using  a  PGSTAT  20  electrochemical  analyzer, 
AUTOLAB  Electrochemical  Instrument  (The  Netherlands).  All 
experiments  were  carried  out  in  a  three-component  cell.  An 
Ag/AgCl  electrode  (in  3  M  KC1),  Pt  wire  and  ITO  coated  glass 
plate  (1  cm2  area)  were  used  as  reference,  counter  and  working 
electrodes,  respectively.  A  Luggin  capillary,  whose  tip  was  set  at 
a  distance  of  1-2  mm  from  the  surface  of  the  working  electrode, 
was  used  to  minimize  errors  due  to  iR  drop  in  the  electrolytes. 

The  surface  morphology  was  observed  with  a  scanning  elec¬ 
tron  microscopy  (Philips  XI -40  FEG).  X-ray  diffraction  patterns 
of  ITO/PEDOT-PSS-Pt  composite  and  ITO/Pt  films  were  col¬ 
lected  by  exposing  the  samples  to  Siemens  D5000  X-ray  source 

o 

with  Cu  Ka  (1.542  A)  as  a  target  in  the  diffraction  angles  (26) 
ranged  from  20°  to  80°  with  scan  rate  4°  min-1 . 

3.  Results  and  discussion 

3.1.  Growth  ofPt  particles  embedded  in  PEDOT-PSS 

Cyclic  voltammetry  was  employed  for  the  deposition  of  Pt 
particles  into  the  PEDOT-PSS  film.  For  comparative  purposes, 
Pt  particles  were  also  deposited  onto  a  ITO  electrode.  Fig.  1 
represents  the  cyclic  voltammograms  (CVs)  recorded  during  the 
growth  of  Pt  particles  embedded  into  (a)  PEDOT-PSS  and  (b) 
deposited  onto  bare  ITO  (without  PEDOT-PSS)  from  a  solution 
of  5  mM  H2PtCl6.  Reduction  of  Pt4+  to  Pt°  has  been  reported 
to  be  at  ^0.5  V  [19].  However,  current  responses  correspond¬ 
ing  to  Pt  metal  deposition  were  also  found  at  more  negative 
potentials  [20].  An  increasing  trend  in  the  cathodic  current  with 
an  increasing  number  of  potential  cycles  was  noticed  for  the 
potentials  positive  to  0.2  V  at  the  cathodic  sweep.  This  signi¬ 
fies  the  deposition  of  Pt  metal  particles  onto  ITO  or  embedding 
of  Pt  particles  into  the  PEDOT-PSS  matrix  during  the  appli¬ 
cation  of  potentials.  Interestingly,  peaks  corresponding  to  the 
adsorption-desorption  of  hydrogen  could  be  noticed  only  with 
the  ITO/PEDOT-PSS-Pt  electrode  in  contrast  to  a  bare  ITO/Pt 
electrode.  This  indicates  that  Pt  particles  are  well  dispersed  in 
the  PEDOT-PSS  matrix  [19]. 

Also,  there  exists  a  difference  in  the  amount  of  Pt  parti¬ 
cles  (deposited/incorporated)  between  the  ITO  electrode  and 
ITO/PEDOT-PSS  electrodes.  Fig.  2  represents  the  plot  of  charge 
utilized  for  Pt  particle  deposition/insertion  (a  measure  of  amount 
of  deposit)  versus  number  of  cycles.  Fig.  2  shows  that  Pt  particle 
incorporation  into  the  PEDOT-PSS  matrix  occurred  with  two 
different  rates  of  incorporation.  The  plot,  charge  versus  num¬ 
ber  of  potential  cycles,  which  represents  the  rate  of  deposition 
of  Pt  particles  into  PEDOT-PSS  composite,  shows  a  chang- 
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Fig.  1.  Consecutive  CVs  recorded  during  the  incorporation  of  Pt  particles  into 
(a)  PEDOT-PSS  matrix  and  deposition  of  Pt  particles  onto  (b)  ITO  electrode 
from  a  solution  of  5mM  H2PtCl6H20,  0.01  M  HC1,  and  0.1  M  KC1.  Cyclic 
voltammetry  was  carried  out  at  a  scan  rate  of  50  mV  s~ 1  in  the  potential  range 
from  —0.25  to  +0.8  V  for  120  cycles. 

in g  slope  in  the  two  regions.  A  rapid  increase  in  growth  rate 
was  observed  during  the  initial  30  cycles.  Also,  higher  growth 
rate  for  Pt  particles  incorporation  was  evident  for  the  composite 
than  for  the  deposition  of  Pt  particles  onto  a  simple  ITO  elec¬ 
trode.  The  higher  growth  rate  for  Pt  particle  incorporation  into 


Cycle  number 

Fig.  2.  Dependence  of  the  charge  utilized  for  deposition/incorporation  of  Pt 
particles  (Qq)  on  the  number  of  potential  cycles  while  forming  (a)  ITO/Pt  and 
(b)  ITO/PEDOT-PSS-Pt  composite  electrodes. 


ITO/PEDOT-PSS-Pt  during  the  initial  30  cycles  may  be  due  to  a 
combination  of  the  several  factors.  Firstly,  the  porous  and  rough 
morphology  of  PEDOT-PSS  [21]  and  presence  of  SO3-  groups 
allow  an  increased  uptake  of  Pt4+  ions.  The  higher  growth  rate 
noticed  for  the  initial  cycles  of  potential  (Fig.  2b)  arises  from  the 
loading  of  Pt4+  ions  within  the  pores  of  the  PEDOT-PSS  and 
consequent  reduction  to  Pt  particles.  During  subsequent  cycles 
(beyond  30),  Pt  particles  were  formed  over  the  Pt  particle-filled 
sites  of  PEDOT-PSS.  This  happens  in  the  second  stage  and 
is  inferred  from  the  lower  slope  of  the  plot  of  charge  versus 
number  of  cycles  (Fig.  2).  This  signifies  a  comparatively  lower 
growth  rate  in  the  second  stage.  In  contrast  to  this  type  of  two- 
stage  growth  behavior,  a  single  stage  increase  in  growth  rate  was 
observed  for  the  deposition  of  Pt  particles  onto  the  ITO  electrode. 
In  the  case  of  deposition  of  Pt  particles  onto  the  ITO  electrode, 
the  smoothness  of  the  surface  of  ITO  resulted  in  the  formation 
of  aggregates  of  Pt  particles.  The  matrix  of  PEDOT-PSS  loaded 
with  Pt  particles  was  a  good  adherent  film  on  the  surface  of  ITO. 
In  contrast,  film  of  Pt  particles  deposited  onto  ITO  was  not  stable 
due  to  poor  adhesion  with  the  ITO  surface.  Hence,  PEDOT-PSS 
acts  as  a  binder  to  provide  contact  for  Pt  particles  with  the  ITO 
substrate. 

3.2.  Morphology  ofPt  particles  embedded  in  the 
PEDOT-PSS  matrix 

Pt  particles  dispersed  in  the  polymer  matrix  (PEDOT-PSS) 
exhibit  interesting  catalytic  properties  [22-26]  because  of  the 
larger  number  of  catalytic  sites.  The  composite  electrode  offers 
few  other  advantages.  It  could  be  possible  to  recover  the  cata¬ 
lyst  and  recycle  it  wherever  necessary.  Also,  the  polymer  matrix 
acts  as  a  protective  layer  for  the  Pt  nanoparticles  and  prevents 
aggregation  of  particles.  We  are  reporting  here  the  advantages 
of  using  PEDOT-PSS  in  tailor-designing  the  properties  of  Pt 
particles  formed  within  the  PEDOT-PSS  matrix  and  the  util¬ 
ity  of  Pt  nanoparticles  loaded  in  ITO/PEDOT-PSS  for  DMFC 
applications. 

Fig.  3  shows  the  difference  in  the  morphology  between 
ITO/PEDOT-PSS-Pt  and  ITO/Pt  surfaces.  Pt  particles  were 
loaded  into  the  PEDOT-PSS  matrix  by  cyclic  voltamme¬ 
try  (30  and  90  cycles).  Pt  particles  deposited  onto  the  sur¬ 
face  of  simple  ITO  exist  as  aggregates  (Fig.  3a).  Whilst,  Pt 
particles  are  homogenously  distributed  onto  the  surface  of 
ITO/PEDOT-PSS  (Fig.  3b).  Larger  sized  Pt  particles  were  incor¬ 
porated  within  PEDOT-PSS  when  loaded  with  higher  number  of 
cycles  (Fig.  3c).  The  larger  Pt  particles  are  also  homogeneously 
distributed  into  the  PEDOT-PSS  matrix  (Fig.  3c). 

Fig.  4  shows  the  spatial  distribution  of  Pt  particles  in  the 
ITO/PEDOT-PSS  and  simple  ITO.  A  higher  active  surface  area 
was  noticed  for  the  Pt  particles  dispersed  in  the  PEDOT-PSS 
matrix.  Fig.  4  shows  a  schematic  of  the  distribution  of  Pt  parti¬ 
cles  in  the  simple  ITO  and  ITO/PEDOT-PSS  and  explains  the 
reason  for  the  homogenous  distribution  of  Pt  particles  in  the 
PEDOT-PSS  matrix.  Pt  particles  deposited  on  the  surface  of 
simple  ITO  are  tightly  packed  and  hence  a  portion  of  the  active 
surface  area  of  Pt  particles  may  not  be  available  due  to  the  tight 
packing  with  other  particles.  On  the  other  hand,  PEDOT-PSS 
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Fig.  3.  SEM  images  for  (a)  ITO/Pt,  (b)  ITO/PEDOT-PSS-Pt  (growth  of  Pt  for 
30  cycles)  and  (c)  ITO/PEDOT-PSS-Pt  (growth  of  Pt  for  90  cycles)  electrodes. 


provides  an  environment  to  disperse  the  individual  Pt  particles 
and  keeps  the  active  surface  area  a  maximum.  We  anticipate 
that  PEDOT-PSS-Pt  having  such  a  morphology  for  Pt  parti¬ 
cles  is  more  suitable  for  use  in  DMFC  applications.  It  should  be 
remembered  that  Pt  particles  could  not  be  dispersed  on  carbon 
black  supports  while  using  the  catalyst  in  DMFCs  applications. 
Hence,  the  requirements  for  optimal  inter-particle  spacing  for 


Catalyst  layer  -< 


(a) 


Catalyst  layer  ■< 


(b) 

Fig.  4.  Schematic  representation  of  (a)  conventional  anode  structure  of  bulk 
Pt  electrode  and  (b)  proposed  anode  structure  of  Pt  particles  embedded  in 
PEDOT-PSS  matrix. 

rapid  methanol  diffusion  could  not  be  met.  Ultimately,  the  cat¬ 
alytic  efficiencies  of  Pt  particles  in  such  an  environment  were 
low.  Hence,  we  hypothesize  that  the  catalyst,  Pt  particles  dis¬ 
persed  in  PEDOT-PSS,  may  show  better  catalytic  characteristics 
for  DMFC  applications.  We  have  also  observed  that  Pt  particles 
dispersed  in  the  PEDOT-PSS  matrix  possess  a  different  crystal 
structure  and  hydrogen  adsorption  capability  in  comparison  to 
Pt  particles  deposited  onto  simple  ITO. 


3.3.  Crystal  structure  of  Pt  particles  incorporated  into  the 
PEDOT-PSS  matrix 

The  crystalline  structure  of  Pt  particles  incorporated  onto 
the  ITO/PEDOT-PSS  matrix  was  examined  by  XRD  anal¬ 
ysis.  XRD  patterns  of  ITO/PEDOT-PSS-Pt  (30  cycles), 
ITO/PEDOT-PSS-Pt  (90  cycles)  are  compared  with  XRD  pat¬ 
terns  of  ITO/PEDOT-PSS  and  ITO/Pt  (Fig.  5).  The  XRD  pattern 
of  ITO/PEDOT-PSS  (Fig.  5a)  shows  weak  patterns  at  20  ^30°, 
35°  and  50°.  Diffraction  peaks  corresponding  to  Pt  (1  1  1),  Pt 
(2  00)  and  Pt  (2  2  0)  can  be  clearly  seen  at  20  =  40°,  46°  and 
68°,  respectively,  for  the  Pt  particles  deposited  onto  simple 
ITO  (Fig.  5b).  Fig.  5c  and  d  present  the  diffraction  patterns 
of  ITO/PEDOT-PSS-Pt  having  Pt  particles  loaded  with  dif¬ 
ferent  numbers  of  cycles  in  cyclic  voltammetric  experiments. 
The  diffraction  peaks  corresponding  to  Pt  and  PEDOT-PSS  can 
be  clearly  noticed.  Pt  particles  embedded  into  the  PEDOT-PSS 
matrix  shows  a  poly  crystalline  structure.  Strikingly,  (111)  and 
(2  00)  peaks  show  a  difference  in  intensities  for  Pt  particles 
deposited  with  different  numbers  of  cycles  in  PEDOT-PSS-Pt. 
This  is  attributed  to  the  increase  in  the  primary  particle  size 
with  the  increase  in  number  of  cycles  used  for  Pt  deposition 
[27].  The  increase  in  (2  20)  and  (111)  peak  intensities  also 
suggests  an  increase  in  the  amount  of  crystalline  phase  in  Pt 
particles. 
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Fig.  5.  XRD  spectra  of  (a)  PEDOT-PSS,  (b)  bulk  Pt,  (c)  PEDOT-PSS-Pt 
(growth  of  Pt  for  30  cycles)  and  (d)  PEDOT-PSS-Pt  (growth  of  Pt  for  90  cycles) 
electrodes. 

3.4.  Hydrogen  adsorption  characteristics  for 
ITO/PEDOT-PSS-Pt 

Films  of  Pt  particles  deposited  onto  simple  ITO  were  not  sta¬ 
ble  due  to  poor  adhesion  with  the  surface  of  ITO.  Hence,  instead 
of  ITO/Pt,  we  have  used  bulk  Pt  electrode  for  the  compara¬ 
tive  evaluation  of  ITO/PEDOT-PSS-Pt  with  the  ITO/Pt  elec¬ 
trode  toward  voltammetric  behavior  in  0.5  M  H2SO4.  In  further 
electrochemical  experiments,  we  have  used  bulk  Pt  electrode 
instead  of  ITO/Pt  electrode.  Cyclic  voltammograms  (CVs)  of 
ITO/PEDOT-PSS,  ITO/PEDOT-PSS-Pt  and  bulk  Pt  electrodes 
recorded  with  a  scan  rate  of  50  mV  s-1  in  0.5  M  H2SO4,  are 
presented  in  Fig.  6.  The  CV  pattern  of  bulk  Pt  electrode  is  con¬ 
sistent  with  the  C  V  curve  of  poly  crystalline  Pt  electrode  reported 
by  Paulus  et  al.  [28].  In  the  potential  region  between  —0.2  and 
+0.2  V  (V  versus  SCE),  the  responses  corresponding  to  hydro¬ 
gen  adsorption/desorption  were  noticed  with  an  accompanying 
bisulfate  adsorption/desorption.  As  can  be  seen  in  Fig.  6,  bulk 
Pt  and  ITO/PEDOT-PSS-Pt  electrodes  have  similar  hydrogen 
adsorption/desorption  characteristics.  In  contrast,  a  large  back¬ 
ground  current  without  hydrogen  adsorption/desorption  peak 
was  witnessed  at  ITO/PEDOT-PSS  electrode  (Fig.  6,  insert). 
There  is  a  difference  in  current  density  of  hydrogen  desorption 
between  bulk  Pt  and  PEDOT-PSS-Pt  electrodes.  It  is  known 
that  the  integrated  intensity  of  hydrogen  desorption  represents 
the  number  of  sites  of  Pt  available  for  hydrogen  adsorption 
and  desorption  [28-30].  Charges  for  hydrogen  desorption  on 
the  electrode  surfaces  were  calculated  by  assuming  a  constant 
double-layer  charging  current  over  the  whole  potential  range. 
The  charge  for  hydrogen  desorption  on  the  PEDOT-PSS-Pt  sur¬ 
face  was  2.99  mC  cm-2,  which  is  five  times  larger  than  that  on 
the  bulk  Pt  surface  (0.587  mCcm-2).  This  is  reminiscent  of  a 
much  higher  active  surface  area  for  PEDOT-PSS-Pt  electrodes 
and  consistent  with  the  well-dispersed  morphological  environ¬ 
ment  for  Pt  particles  in  the  PEDOT-PSS  matrix  (as  shown  in 
Fig.  3a).  Besides  that,  in  the  cathodic  sweep,  a  peak  at  0.4  V 
was  observed  for  ITO/PEDOT-PSS-Pt,  and  is  assigned  to  the 
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V  vs.  Ag/AgCI 

Fig.  6.  Cyclic  voltammograms  of  (a)  ITO/PEDOT-PSS-Pt,  (b)  bulk  Pt  and  (c) 
PEDOT-PSS  electrodes  in  0.5  M  H2SO4  at  the  potential  range  from  —0.2  to 
+1 .2  V  with  a  scan  rate  =  50  mV  s_  1 .  The  insert  is  bare  PEDOT-PSS. 

reduction  of  PtO  to  metallic  Pt.  Indeed,  the  PEDOT-PSS  film 
behaves  as  a  good  probe  for  the  deposition  of  Pt  particles 
and  increases  the  density  of  the  active  sites  on  the  electrode 
surface. 

3.5.  Electrocatalytic  activity  and  stability  of 
PEDOT-PSS-Pt  for  methanol  oxidation 

The  catalytic  activities  of  ITO/PEDOT-PSS-Pt,  and 
ITO/PEDOT-PSS  composite  electrodes  were  evaluated  and 
compared  with  bulk  Pt  electrode  (instead  of  using  non-adherent 
ITO/Pt  electrode)  toward  electrooxidation  of  methanol  (Fig.  7). 
Clearly,  ITO/PEDOT-PSS  did  not  have  the  electrocatalytic 
properties  for  methanol  oxidation  (Fig.  7c).  On  the  other  hand, 
ITO/PEDOT-PSS-Pt  showed  current  response  similar  to  the 
published  literature  [32].  At  the  bulk  Pt  electrode,  the  current 
for  the  methanol  oxidation  increased  slowly  below  0.4  V  in  the 
anodic  sweep  (Fig.  7,  insert).  This  is  due  to  the  formation  of 
reaction  intermediates  [31,32]: 

CH3OH  +  Pt  -*  Pt-(CHzO)ad  +  (4  -  Z)H+  +  (4  -  Z)e“ 

(0  4)  (1) 

The  current  increases  quickly  and  reaches  a  peak  at  around 
+0.6  V.  This  is  ascribed  to  the  partial  oxidation  of  surface  Pt, 
which  helps  in  the  transformation  of  intermediates  to  carbon 
dioxide: 

Pt  +  H20  -*  Pt-OH  +  H+  +  e"  (2) 

Pt-(CHzO)acl  +  (2  +  Z)Pt-OH 
-*  (2  +  Z)Pt  +  C02  +  (1  +  Z)H20  (0  ^  Z  ^  4)  (3) 
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Fig.  7.  Cyclic  voltammograms  of  (a)  ITO/PEDOT-PSS-Pt,  (b)  bulk  Pt  and  (c) 
PEDOT-PSS  electrodes  in  0.1  M  CH3OH  +  0.5  M  H2SO4  at  the  potential  range 
from  —0.2  to  + 1 .2  V  with  a  scan  rate  =  50  mV  s- 1 .  The  insert  is  bulk  Pt  electrode. 


On  the  cathodic  sweep,  the  peak  corresponds  to  methanol 
adsorption  occurs  at  a  less  negative  potential  (0.5  V)  than  noticed 
on  the  forward  sweep  (0.6  V).  This  can  be  ascribed  to  the  pres¬ 
ence  of  fresh  Pt  surface  available  from  the  reduction  of  Pt  oxide 
during  the  negative  sweep. 

Cyclic  voltammetric  studies  of  methanol  oxidation  at  Pt 
electrodes  revealed  that  the  electrooxidation  could  occur  over 
a  wide  potential  range  depending  on  the  electrode  charac¬ 
teristics  [33,34].  Studies  of  methanol  oxidation  also  showed 
that  the  extent  of  the  catalytic  effects  may  be  dependent 
on  the  amount  and  structural  peculiarities  of  the  Pt  deposits 
and  also  on  the  distribution  of  Pt  particles.  We  have  noticed 
oblique  line-like  current  responses  for  methanol  oxidation 
with  the  ITO/PEDOT-PSS-Pt  electrode.  The  electrode  show¬ 
ing  such  an  oblique  curve  signifies  a  higher  electroactiv¬ 
ity  for  methanol  oxidation.  We  have  made  a  comparison  of 
the  peak  currents  at  the  peak  potentials  corresponding  to 
methanol  oxidation  for  the  ITO/PEDOT-PSS-Pt  and  Pt  elec¬ 
trode  [35].  A  comparison  of  the  CVs  for  methanol  oxidation 
on  ITO/PEDOT-PSS-Pt  (Fig.  7a)  and  bulk  Pt  (Fig.  7b)  show 
that  a  significantly  higher  oxidation  current  was  witnessed  for 
the  ITO/PEDOT-PSS-Pt  electrode  (Fig.  7a).  For  example,  a 
current  value  of  2.51mA  cm-2  was  noticed  at  0.6  V  in  the 
positive  sweep  for  ITO/PEDOT-PSS-Pt.  However,  a  current 
value  of  0.45  mA  cm-2  was  noticed  for  the  bulk  Pt  electrode. 
It  is  obvious  that  the  enhanced  catalytic  activity  for  methanol 
oxidation  in  the  case  of  ITO/PEDOT-PSS-Pt  arises  from  the 
more  active  surface  area  of  Pt  particles  embedded  into  the 
PEDOT-PSS  matrix.  The  reasons  for  the  improvement  of  cat¬ 
alytic  activity  of  Pt  embedded  in  PEDOT-PSS  are  presented 
here. 


Firstly,  a  high  surface  area  for  Pt  particles  is  anticipated 
due  to  the  uniform  distribution  of  Pt  particles  into  the  three- 
dimensional  conducting  PEDOT-PSS  matrix.  The  results  with 
methanol  oxidation,  as  observed  by  us,  suggest  that  the  enhanced 
catalytic  activities  for  Pt  particles  loaded  into  PEDOT-PSS 
may  be  due  to  the  amount  and  the  structural  peculiarities  of 
the  micro-deposits  of  Pt  and  their  distribution  in  the  poly¬ 
mer  matrix  (PEDOT-PSS).  Previous  reports  revealed  that  the 
structure  of  catalyst  particles  and  the  distribution  of  parti¬ 
cles  within  the  matrix  of  conducting  polymers  have  shown  a 
dependence  on  the  efficiencies  of  the  oxygen  reduction  reac¬ 
tion  [36].  We  also  anticipate  that  PEDOT-PSS  may  act  as  a 
stabilizer  for  Pt  particles  and  prevent  aggregation  of  Pt  par¬ 
ticles.  Also,  an  enhanced  stability  for  Pt  particles  is  antici¬ 
pated  as  the  result  of  steric  and  electrostatic  stabilization  of 
Pt  particles  provided  by  PEDOT-PSS.  As  a  result,  smaller  Pt 
particles  were  formed.  The  above  view  is  supported  by  the  fol¬ 
lowing  reports  [37-39].  Dalmia  et  al.  [37]  have  demonstrated 
the  feasibility  of  synthesizing  nanometer- sized  Pt  colloids 
using  a  negatively  charged  polymer,  poly(A/-sulfonatopropyl 
p-benzamide).  Ahmadi  et  al.  [38,39]  have  reported  the  syn¬ 
thesis  of  nanometer-sized  Pt  colloids  using  polyacrylic  acid 
and  the  effect  of  the  polymer  concentration  on  the  shape  of  Pt 
particles. 

Our  ultimate  intention  in  fabricating  ITO/PEDOT-PSS-Pt 
electrode  was  to  explore  the  possibility  of  using  the  catalyst  elec¬ 
trode  in  DMFC  applications.  The  limitations  that  are  normally 
encountered  in  the  use  of  Pt  particles  in  DMFC  applications 
motivated  us  to  use  a  PEDOT-PSS-PT  electrode  to  circum¬ 
vent  some  of  the  limitations.  The  limitation  of  using  Pt  particles 
in  DMFCs  is  reviewed  briefly  here.  The  main  issue  that  lim¬ 
its  the  practical  application  of  DMFCs  is  the  low  activity  of 
the  anodic  catalysts  and  the  crossover  of  methanol  from  anode 
to  cathode.  The  latter  is  caused  by  the  concentration  differ¬ 
ence  between  anode  and  cathode  and  can  be  diminished  by 
using  a  low  methanol  concentration  as  well  as  using  a  modified 
proton  exchange  membrane.  The  former  is  caused  by  the  self¬ 
poisoning  of  the  catalysts.  Catalysis  by  Pt  particles  is  required 
for  the  oxidation  of  organic  molecules.  However,  the  intermedi¬ 
ates  formed  during  the  oxidation  of  methanol,  such  as  COad  act 
as  poisons  [40].  In  this  context,  it  is  to  be  noted  that  use  of  poly¬ 
mer  matrix  to  embed  Pt  particles  can  avoid  these  drawbacks. 
Polymers  may  influence  the  electrooxidation  of  small  organic 
molecules  [41].  The  polymer  may:  (1)  hinder  the  formation  of 
strongly  absorbed  poisonous  species;  (2)  catalyze  the  oxidation 
of  strongly  adsorbed  poisonous  species;  and  (3)  catalyze  the 
oxidation  of  weakly-adsorbed  poisonous  species. 

Our  results  using  the  catalyst,  ITO/PEDOT-PSS-Pt  for  elec¬ 
trooxidation  of  methanol  indicated  that  the  poisoning  is  min¬ 
imized.  PEDOT-PSS  matrix  acts  as  a  good  substrate  for  the 
deposition  of  Pt  particles,  and  increases  the  density  of  the  active 
sites  on  the  electrode  surface.  Ultimately,  the  PEDOT-PSS  film 
improves  significantly  the  efficiency  of  the  Pt  particles  cata¬ 
lyst,  producing  a  considerable  increase  in  the  anodic  current  for 
methanol  oxidation  (Fig.  7a). 

ITO/PEDOT-PSS-Pt  electrodes  also  exhibited  a  mini¬ 
mum  catalyst  poisoning.  Chronoamperometric  responses  at 
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Fig.  8.  Chronoamperometric  response  of  (I)  bulk  Pt  and  (II)  PEDOT-PSS-Pt 
at  (a)  0.6  and  (b)  0.8  V  (versus  Ag/AgCl)  in  0.1  M  CH3OH  +  0.5M  H2S04 
solution. 


ITO/PEDOT-PSS-Pt  and  Pt  electrodes  with  a  solution  of  0. 1  M 
CH3OH  in  0.5  M  H2SO4  were  recorded  at  0.6  and  0.8  V  (Fig.  8a 
and  b)  and  compared  to  evaluate  the  catalyst  poisoning  effect  by 
these  electrodes.  In  each  of  the  potential  step  experiments,  an 
initial  potential  ( E\ )  of  0.0  V  was  set  for  30  s.  At  this  poten¬ 
tial,  formation  of  CO  on  the  electrode  surface  is  more  probable. 
The  potential  was  then  increased  and  kept  at  E2  (0.6  V)  for 
5  min  to  reach  a  constant  current  value  at  the  potential.  At 
0.6  V,  ITO/PEDOT-PSS-Pt  shows  its  higher  catalytic  proper¬ 
ties  toward  the  methanol  oxidation  in  comparison  to  bulk  Pt 
electrode.  For  example,  the  current  at  150  s  is  1.25  mA  cm-2 
for  ITO/PEDOT-PSS-Pt  and  0.62  mA  cm-2  at  the  bulk  Pt 
electrode.  Upon  setting  E2  as  0.8  V,  ITO/PEDOT-PSS-Pt  still 
showed  a  higher  current  density  (1.63  mA  cm-2)  in  comparison 
with  bulk  Pt  electrode  (0.19  mA  cm-2).  However,  a  decrease  in 
steady- state  current  density  was  noticed  for  both  the  electrodes. 
This  might  be  due  to  the  formation  of  oxide  and  consequent 
diminishing  of  the  number  of  sites  available  for  methanol  oxi¬ 
dation  [30]. 


4.  Conclusions 

Pt  particles  were  successfully  embedded  into  a  PEDOT-PSS 
matrix  to  form  a  PEDOT-PSS-Pt  film.  The  composite, 
PEDOT-PSS-Pt,  based  electrode  proved  to  be  a  promising 
material  as  a  catalyst  for  methanol  oxidation.  The  electrode 
having  Pt  particles  embedded  into  PEDOT-PSS  showed  a  sig¬ 
nificantly  higher  current  for  methanol  oxidation.  The  matrix  of 
PEDOT-PSS  provided  a  suitable  environment  for  dispersing  Pt 
particles  without  aggregation,  which  is  evident  from  the  SEM 
results.  Also,  the  PEDOT-PSS  matrix  may  provide  a  pathway  for 
proton  migration  in  DMFC  applications.  The  enhanced  electro- 
catalytic  activity  of  Pt  in  PEDOT-PSS  opens  up  the  possibility 
to  use  a  lesser  amount  of  Pt  in  catalyst  fabrication  for  fuel  cell 
applications. 
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